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An e,;perimental technique for the investigation of the behaviour of acoustic wave propagation through 
a turbulent medium is discussed. The present study utilizes the ultrasonic travel-time technique to di­
agnose a grid-generated turbulence. Travel-time variance is studied versus mean Dow velocity. travel 
distance and outer turbulence scale. The effect of therma.l fluctuations. which result in fluctuations of 
sound speed. is studied using a heated-grid experiment. Experimental data obtained using ultrasonic 
technique confirm numerical and theoretical predictions of nonlinear increase of the travel-time vari­
ance with propagation distance. which could be connected to the occurrence of caustics. The effect of 
turbulent intensity on the travel-time variance and appearance of caustics is studied. It is demonstrated 
experimentally that the higher turbulence intensity leads to the shorter distance. at which the first 
caustic occurs. The probability density for caustics appearance is analysed against the measured wave 
amplitude fluctuations. The analysis reveals that the region of high-amplitude fluctuations corresponds 
to the region where the probability of formation of random caustics differs from zero. Experimental 
results are in very good agreement with theoretical and numerical predictions. 
1. Introduction 
The classical theory of acoustic wave propagation through turbulence predicts linear increase 
of the first-order travel-time variance with the propagation distance [1]. However, recent 
numerical and theoretical studies exhibit an almost quadratic growth of travel-time variance 
with travel distance [2-4]. The reason for this behaviour is not entirely understood yet, but it 
seems to be closely related to the occurrence ofcaustics (5-8]. If a wave propagates in a random 
medium. then at some distance x from the source, caustics appear. The information about the 
distance is important. For example, some tomographic methods used for remote sensing of 
the atmosphere and the ocean are based on the ray acoustics approach so that knowledge of 
the distance to the caustics will define the region of applicability of the tomography methods 
[9-11]. The higher the turbulence intensity, the shorter the distance, at which the first caustic 
occurs. Codona et of. [5) demonstrated the importance of the occurrence of caustics. when 
evaluating the average travel time in a random scalar field. The probability of the appearance of 
the caustics in a random field was explored theoretically [6. 7, 12] and numerically [2, 3, 8,13]. 
The ultrasonic technique for measuring flows offers great potential for turbulent flow di­
agnostics [14]. The techniques employed have been used in previous work by the current 
authors [15]. wherein a locally isotropic velocity field WaS considered, which was realized by 
introducing a grid in a uniform flow [16]. 
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In the present study, two features are noteworthy. First, the experimental investigation 
is perfonned under well-controlled laboratory conditions. Second, the data acquisition and 
control systems feature high-speed analogue-digital conversion card that enables excellent 
resolution of ultrasonic signals. The work aims to investigate the variance of the travel-time 
fluctuations and probability density function for the appearance of caustics. The measurements 
cover the regime from weak to strong intensity fluctuations induced by heated and non-heated 
grids. Comparison with numerical predictions [2, 3] as well as theoretical estimations [1,4] 
supports the study. 
2. Experiment.al arrangements and results 
In this section, we briefly discuss experimental technique and equipment. A detailed descrip­
tion of the experimental apparatus can be found in [15, 22]. The experiment falls into two 
parts. First, for a non-heated grid we perfonn a study of the travel-time variance as a function 
of the travel path, turbulent scale and turbulent intensity for long distances. The influence of an 
integral scale of turbulence is examined by using two grids with different spacing. The turbu­
lent intensity was varied by changing the wind tunnel mean velocity from 0 mls to 20 m/s. The 
second set of experiments is conducted for the heated and non-heated grids at constant mean 
velocity for short travel distances to evaluate the effect of thermal fluctuations on travel-time 
variances. 
2.1 Non-heated grid experiments 
In the first experimental part of the study, we utilize ultrasonic pulses travelling in straight 
paths as shown in figure 1. The sound propagates across a grid-generated turbulence from a 
transmitter to a receiver separated by a distance L in the direction perpendicular to the mean 
flow. The travel path L i changed by displacing the transducer-transmitter along a path wave. 
To ensure the alignment and accurate distance measurement the transmitter receiver is placed 
in the sliding shaft, as shown in figure I. 
The flowmeter equation can be used to derive an expression for a travel time of a wave 
travelling from a speaker to a microphone, t. 
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Figure 1. Sketch of the wind-tunnel test section with ultrasonic flowmeter. 
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where to is a travel time in the undisturbed media, U is a mean velocity, c is a sound speed, u' 
indicates fluctuations of the mean flow velocity and " is an angle between the sound path and 
a mean velocity vector. In the considered case" = 90°. In equation (1) we neglected the tenns 
of order u2/c2 and higher. In the experiment, the only parameter that is measured is a travel 
time of ultrasound pulses t(L). The data from experiments performed for a finite number of 
different lengths L, L', L" ... are collected. For each of these lengths, a variance of a travel 
time is calculated as 
(2) 
where triangular brackets indicate time averaging. 
The experiments were carried out in the 0.3 m x 0.3 m x l.15 m test section of a low­
turbulence, low-speed, open-circuit-type wind tunnel. Experimental data were obtained for 
ultrasonic wave propagation downstream of a grid in the wind tunnel. Such grid-generated 
turbulence is well characterized and features a mean flow with superimposed velocity fluctu­
ations [16. 17]. The ultrasonic path was perpendicular to the mean flow direction as shown 
in figure I. Path length was changed from 0.0508 m to 0.254 m and the transducers were of 
100 kHz working frequency. The first grid size was M 1 = 6.35 X 10-3 m. The measurements 
were collected at 0.63 m downstream of the grid. The mean flow velocity U was 0 mis, 10 mis, 
15 mis, 18 mis, 20 m/s. The corresponding Reynolds numbers ReM, based on M 1 were 4200. 
6350, 7200, 8400. The same measurements were also made under the same experimental 
conditions with a different grid that featured mesh size M2 = 1.27 X 10-2 m and the corre­
sponding Reynolds numbers ReM2 ba ed on M2 was 8400. 12700, 14400, 16800. The acoustic 
wavelength of the transmitted signal, Aa ~ 5.4 X 10-4 m was selected such that Aa < Au'. 
where Au' '" 10-2 m is a wavelength corresponding to the peak of the spectra of longitudinal 
velocity fluctuations. The same ratio holds for the wavelength corresponding to the maximum 
of the spectra of temperature fluctuations [22]. 
Transmitted and received signals in a digital fonn were transmitted and collected respec­
tively using high-speed data acquisition cards (DAQ). The instant moment of the transmitted 
wave departure was registered with high precision by National Instrument data DAQ. The 
received waves were registered/digitized and stored by the CompuScope 82G DAQ with 
large acquisition memory. Digital representation of the experimental data. provided by the 
DAQs, allowed determination of the travel time t very precisely. A more detailed descrip­
tion of the experimental particulars may be found in [15]. Figure 2 demonstrates typical data 
120.00 
100.00 
80.00 
., 
." 60.00 
.g 
Q. 40.00 
E 
« 20.00 
0.00 
-20.00 
-40.00 
O.OOE+OO I.00E-04 2.00E-04 3.00E-04 4.00E-04 5.00E-04 
1(s) 
Figure 2. Representation of experimental data obtained from the digital data acquisition system. Square wave 
corresponds to the transmined signal and sinusoidal wave represents a received signal. 
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Figure 3. Experimental data for !ravel-time variance plolted along with theoretical predictions by Chemov [11, and 
looss el al. [41 M I = 6.35 x 10-3 m. 
representation obtained from CompuScope 820 DAQ. transferred to the PC and processed in 
Excel. The acquisition rate was 5 x 107 samples/s. 1\vo signals shown in figure 2 are four­
pulse burst of square shape waves and a received signal. The transit time for the ultrasound 
pulse was determined from the correlation function 
(3) 
where K dO is a cross correlation function of e, and e2. 
m figure 3 the travel-time variances are plotted for the case of M, == 6.35 X LO-3 m in 
terms of the normalized distance x / M I, where x is a variable travel distance. We compare the 
travel-time variance with Chernov [I] estimates and with theoretical estimations of second­
order travel-time variance by looss et al. [4]. The principle observation is that departures from 
the Chernov prediction increase with the travel distance for all velocities apart from 0 mls 
and 10 m/s. The data for 15 mIs, 18 mls and 20 mls show a trend that appears to be initially 
linear and finally nonlinear. Travel-time variances corresponding to 0 m/s and 10 m/s are 
almost identical with Chernov's prediction, which supports theoretical arguments stating that 
for phase/travel time the difference ray acoustic approach is accurate enough even beyond 
the area of the validity of the approach [18]. The travel-time variance corresponding to the 
20 mls experiment is in very good correspondence with analytical results predicted by 100ss 
et al. [4] who developed a theoretical model for the second-order travel-time variance that 
depicts nonlinear behaviour at large propagation distances. The increase appears linear up to 
x / M I == 15 and then travel-time deviations become almost quadratic in growth, Exactly the 
same dynamics wa observed in numerical experiments [4]. Figure 4 provides experimental 
measurements of the travel-time variances corresponding to the five different velocities plotted 
along with theoretical predictions for the case of different grid size M2 = 1.27 X 10-2 m. In 
terms of the appearance of nonlinearity, the data in figure 4 exhibit the same tendency as was 
observed in figure 3. 
Probability densities for the occurrence of caustics were calculated theoretically [2, 6­
8, 12, 19]. For our experimental data we estimate the probability density of OCCUrrence of 
caustics using theory developed by Klyatskin [12] and explored by Blanc-Benon el al. [7] and 
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Figure 4. Ellperimental data for travel-time variance plolted along with theoretical predictions by Chemov (I], and 
looss el 01. [4J . M2 = 1.27 X 10-2 m. 
100ss et al. [4]. The probability density function P(r) for a plane wave propagating through 
three-dimensional (3D) isotropic turbulence is defined as [6, 12] 
ct 
P(r) = "4exp(-fi/r3);cr = 1.74, fi = 0.66 (4) 
r 
The nonnalized distance r is defined as 
(5) 
where D is the diffusion coefficient introduced by KJyatskin [12] and x is a variable travel 
distance. For a Gaussian correlation function the diffusion coefficient D in a moving random 
medium is defined in [7] as 
D = ,fii(J2. (J = ~(E2). £ = 2n (6)2L3 E' E V\E~J, 
o 
where (JE is a standard deviation of an index of refraction E. The integral length scale Lo is the 
size of the grid spacing and the downstream development of the integral length scale obeys 
power law [17]. It is known [20] that fluctuations in the refractive index of a moving medium 
in the direction of the x axis are given by 
2(c' + u') 
n=----- (7)
Co 
The ration of turbulent velocity to the mean velocity is u'/ U ·1 00% ,...., 6% [22], which is 
typical for experiments in grid-generated turbulence [16]. In figure 5, the probability density of 
the occurrence of caustics is plotted along with experimental data for the travel-time variance, 
Chemov [1] theory for the linear propagation and results of the theoretical model developed 
by 100ss et 01. [4] as functions of nonnalized distance of propagation, r for the grid size M1 = 
6.35 X 10-3 m. The peak of the probability density function appears at approximately r = 
0.85, which corresponds to x ~ 8.5 . 10-2 m. or in non-dimensional units x / M 1 ~ 13.2. The 
nonJinear behaviour of the travel-time variance appears right after the peak of the probability 
density function (PDF). In their theoretical modelling, Iooss et al. [4] detected the maximum 
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Figure 5. Probabilily densily funclion of occurrence of causlic along wilh nonlinear dynamics of !he \ravel-time 
variance M I = 6.35 x 10-3 m. 
value of the probability density with their value a., = 0.0 I, when x / M == 14. I. We expected 
the maximum of the PDF to appear at a shorter distance since standard deviation in the current 
experiment is greater than one in the theoretical modelling by looss et al. [4]. Given the fact 
that the PDF was recovered based on just 12 djscrete points, the prediction is fairly accurate. 
Figure 6 provides experimental measurements of the travel-time variances along with the 
probability density of the occurrence of caustics in the same manner a in figure 4, apart from 
the grid size M2 = 1.27 x 10-2 m. The PDF of the occurrence of caustics obtained for the 
larger grid exhibits the same tendency as was observed in the first set of experiments for the 
mailer grid size. 
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Figure 6. Probabilily densily function of occurrence of caustic along with nonlinear dynamics of lhe travel-lime 
variance. M2 = 1.27 X 10-2 m. 
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Figure 7. Experimental data for log-amplilude standard deviation. 
It is noted in [19,20] that strong fluctuations are connected with random focusing of acoustic 
waves. We can therefore expect that in a region where T ~ 0.9 the amplitude fluctuations will 
be larger than in a region in which travel-time variance is linear. The level of amplitude 
fluctuations is expressed through the wave amplitude a X = In(AI Ao) and, consequently, 
the variance of the log amplitude variations is a~ = {(X - (X»2). In figure 7 experimental 
data for the standard deviation of log amplitude variations versus actual travel distance are 
plotted for undisturbed medium JO mIs, 15 mIs, 20 m/s. Experimental data were collected 
for both, small and large grids to examine the influence of the outer scale. Figure 7 exhibits 
a substantial increase in standard deviation of log amplitude variations in the region where 
probability density is different from zero, which has been predicted theoretically [19,21]. 
It is difficult to draw a definitive conclusion as for the influence of the outer scale on travel­
time variance as well as on the amplitude variations based on this experimental data, since the 
outer scale is limited to a variation from 6.35 x 10-3 m to 1.27 x 10-2 m. and because any 
changes of L o affect other turbulent parameters (turbulent intensity, inner scale). 
2.2 Heated grid experiments 
In trus section, experimental data were obtained for ultrasonic wave propagation downstream 
of a non-heated and heated grid in a wind tunnel for different angular orientations of acous­
tic waves with respect to the mean flow. The sketch of the experimental set-up is shown 
in figure 8. Nine cases of different distances L for two different temperatures T = 15°C 
and T = 70°C, were studied. The grid size was M) = 2.54 x 10-2 m. To ensure the high­
quality grid the heating elements were inserted in hollow aluminium rods with diameter 
d = 6.35 X 10-3 m defining the solidity of the grid to be 0.36. The measured temperatures 
corresponded to the temperature of aluminium rods of the grid. The angle fJ in the figure 
was changed from 0 to 40 degrees with a 5-degree step. The measurements were collected at 
x I M = 25"/45/1. The mean flow velocity was U = 3.5 m/s. During the recording of turbulent 
data the low velocity was chosen in favour of higher velocity in order to maximize the effect of 
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Figure 8. Experimemal sel-up for the healed grid experimenl. M = 2.54 x JO-2 m, U = 3.5 m/s. 
temperature fluctuations. The Reynold number ReM based on M and U was approximately 
6 x 10-3 and the corresponding Peelet number PeM = PrReM ~ 4350; Pr = 0.725 for the 
working fluid air. For the proposed heated grid experiment, the expected ration of tempera­
ture fluctuations to the mean temperature is t'J / T x I00% ~ 1% 0, typical for the particular 
experimental set-up [16). The goal is to compare the dynamics of the travel-time variances 
for heated and non-heated grid experiments with all other experimental conditions being the 
same. 
Figure 9 demonstrates results for the travel-time variance obtained from the experiment 
conducted at T = 15°C. The travel distance is merely a half of the distance covered in the 
first series of the experiments described in section 2. I. The Chemov [I] solution predicts a 
linear growth of time variance with distance of propagation. Clearly, for the smaH distances 
the presented experimental data confirm that result [22, 23). 
With the same field characteri tics as above but the temperature of the grid, which was set at 
T = 70°C for thi experiment, we carried out a second set of experiments to demonstrate the 
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Figure 9. Experimental data for the travel-time variance versus normalized travel distance. Ray acoustics solution 
is ploued for a comparison. T = 15°C, M = 2.54 x 10-2 m, U = 3.5 m/s. 
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Figure 10. Experimental data for the travel-time variance versus normalized travel distance. T = 15°C, T =70°C, 
M = 2.54 x 10-2 m. U = 3.5 m/s. 
effect of temperature fluctuations. Figure 10 shows the results, again the travel-time variation 
as a function of scaled distance of propagation. The variance obtained for two values of 
the turbulent field standard deviation is (1 ~ 3 x 10-3 for the non-heated grid experiment 
and a ~ I for the heated grid experiment. It is obvious that temperature fluctuations lead to 
the appearance of nonlinearity in the dynamics of the travel-time variance. The travel-time 
variance at T = 15°C is plotted for a comparison. The experimental outcome presented in 
figure 10 is well expected in accordance with theoretical and numerical predictions [2, 3,6, 
8, 12, 24]. The experimental data confirm theoretically and numerically established theory 
stating that the higher the turbulent intensity, the shorter the distance at which the first caustics 
occur (2). The curve for the case of heated grid travel-time variance presents the shapes 
predicted theoretically and numerically. It therefore follows that when a ~ 1 the probability 
of appearance of the caustics becomes comparable with unity. 
3. Conclusions 
Experimental data for travel time and wave amplitude have been collected using the ultrasonic 
technique in an inhomogeneous moving medium produced by heated and non-heated grids 
placed at the beginning of a wind tunnel test section. We have presented results for the travel 
time variance and the standard deviation of log-amplitude variations. 
Experimental data confirm numerical and theoretical predictions of a nonlinear increase 
of the travel-time variance with propagation distance. To reinforce this point of view the 
probability density function associated with the occurrence of the first caustic specific for 
our experimental conditions ha been plotted against the travel-time variation versus non­
dimensional distance. The measurements of the wave amplitude confirm theoretical/numerical 
predictions that the region of strong amplitude fluctuations coincides with the region where 
the probability of formation of random caustics is different from zero [19]. 
The effect of thermal fluctuations superimposed on velocity fluctuations has been stud­
ied in the heated-grid experiment. For heated and non-heated grid experiments it has been 
demonstrated that, after a linear increase (Chemov approximation), the travel-time variance 
departs from linear behaviour at certain propagation distance, thought to be caused by the 
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occurrence of caustics. Experimental data from the heated grid experiments have confirmed 
theoretically/numerically based theory stating that growth of turbulent field intensity leads to 
the development of nonlinearity and caustics even at short distances. It has been shown that 
nonlinearity or caustics unavoidably occur at a large distance in the case of a weak turbulent 
field (standard deviation, a « 1) or at shorter distances at the presence of strong fluctuations 
(a '" 1). 
References 
[I) Chemov, L., 1961, Wave Propagation in a Random Medium (New York: McGraw-Hili). 
[2) Juve, D., Blanc-Benon, Ph. and Comte-Bellot, G., 1991, Transmission of acoustic waves through mixing layers 
and 20 isotropic turbulence. Turbulence and Coherent Structures (Metais and Lesieur (cds». Selected papers 
from Turbulence 89: Organized Structures and Turbulence in Fluid Mechanics, Grenoble, 18-21 September. 
[3) Karweit, M., Blanc-Benon, Ph., Juve, D. and Comte-Bellot, G., 1991, Simulation of the propagation of an 
acoustic wave through a turbulent velocity field: a study of phase variance. Joumal ofAcoustical Society of 
America, 89,52-62. 
[4) looss, B., Blanc-Benon, Ph. and Lhuillier, C., 2000, Statistical moments of travel times at second order in 
isotropic and anisotropic random media. Waves in Random and Complex Media, 10,381-394. 
[5] Codona, J. L., Creamer, D. B., Flatte, S. M.• Frelich, R. G. and Henyey, F. 5.,1985, Average arrival time of 
wave pulses through continuous random media. Physics Review Leiters, 55, 9-12. 
[6) Kulkamy, V. A. and White, B. S., 1982, Focusing of waves in turbulent inhomogeneous media. Journal of 
Physics ofFluids, 25. 1779-1784. 
[7] Blanc-Benon, Ph., Juve, D., Ostashev, V. E. and Wandelt, R., 1995, On the appearance of caustics for plane 
sound-wave propagation in moving random media. Waves in Random and Complex Media, 5,183-199. 
18] Blanc·Benon, Ph., Juve, D. and Comte-BeIlO!, G., 1991, Occurrence of caustics for high-frequency caustic 
waves propagating through turbulent field. Theoretical and Computational Fluid Dynamics, 2, 271-278. 
19) looss, B. and Galli, A., 2000, Statistical tomography for seismic reflection data. Proceedings of the 6th Inler-
na/ional Geos/atistics Congress, Cape Town, South Africa, April. 
110] Spiesberger, J. L., 1985, Ocean acoustic tomography: travel time biases. Journal of Acoustical Society of 
Aml'fica, 17, 83-100. 
I II) Samueldis, Y. and Mukerji, T., 1998, Velocity shift in heterogeneous media with anisotropic spatial correlation. 
Inlemational Geophysical JOl/rnal, 134,778-786. 
112] Klyatskin, V. I., 1993, Causlics in random media. Waves in Random and Complex Media, 3, 93-100. 
(13) Blanc-Benon, Ph., Juve, D. and Chevret, P., 1995, On the influence of the turbulence modeling for atmospheric 
sound propagation. Journal ofAcoustical Society ofAmerica, 98, 2924. 
114] Lynnwonh, L. C., 1989, Ultrasonic Measuremenls for Process COll/rol (San Diego: Academic Pre s). 
[15) Andreeva T. A. and Durgin, W. W., 2003, Ultrasound technique for prediction of statistical characteristics of 
grid-generated turbulence. AlAA Journal, 41, 1438-1443. 
r16] Yeh, T. T. and van Ana, C. W., 1973, Spectral transfer of scalar and velocity fields in heated-grid turbulence. 
lOl/mal ofFluid Mechallics, 58, 233-261. 
[17) Sreenivasan, K. R., Tavoularis, S., Henry, R. and Corrsin, S., 1980, Temperature fluctuations and scales in 
grid-generated turbulence. Journal ofFluid Mechanics, 100,597-621. 
[18] Rytov. S. M.. Kravtsov. Yu. A. and Tatarskii, V. I.. 1987, Elemenls ofRandom Process Theory: Principles of 
SIa/istical Radiophysics, Vol. 4 (Berlin: Springer-Verlag). 
[19) Kravtsov, Yu. A., 1969, Strong fluctuations of (he amplitude of a light wave and probability of formation of 
random caustics. Soviet Physics JETP, 28, 413~ 14. 
[20J Tatarski, V. I., 197 I, The Effect ofthe TI/rbulen/ Atmosphere on Waves Propagation (Jerusalem: Israel Program 
for Scientific Translation). 
[2 IJ Blanc-Benon, Ph. and Juve, D., 1993, Intensity fluctuations of spherical acoustic waves propagating through 
thermal turbulence. Waves in Ralldom alld Complex Media, 3,71-83. 
[22) Andreeva T. A.. 2003, Ultrasonic technique in determination of grid-generated turbulent flow characteristics. 
PhD Dissenation, Worcester Polytechnic Institute. 
[23J Andreeva, T. A. and Durgin, W. W, 2004, E)(perimental investigation of ultrasound propagation in turbulent, 
diffraclive media. The Journal of the Acoustical Society ofAmerica, 115, 1531-1536. 
[24) Snieder, R. and Sambridge, M., 1993, The ambiguity in ray penurbation theory. JourIlal of Geophysical 
Research, 98, 22 021-22 034. 
10
